The characterization of nanostructures down to the atomic scale is essential to understand some physical properties. Such a characterization is possible today using direct imaging methods such as aberration-corrected high-resolution transmission electron microscopy (HRTEM), when iteratively backed by advanced modeling produced by theoretical structure calculations and image calculations. Aberration-corrected HRTEM is therefore extremely useful for investigating low-dimensional structures, such as inorganic fullerene-like particles and inorganic nanotubes. The atomic arrangement in these nanostructures can lead to new insights into the growth mechanism or physical properties, where imminent commercial applications are unfolding. This article will focus on two structures that are symmetric and reproducible. The first structure that will be dealt with is the smallest stable symmetric closed-cage structure in the inorganic system, a MoS 2 nanooctahedron. It is investigated by means of aberration-corrected microscopy which allowed validating the suggested DFTB-MD model. It will be shown that structures diverging from the energetically most stable structures are present in the laser ablated soot and that the alignment of the different shells is parallel, unlike the bulk material where the alignment is antiparallel. These findings correspond well with the high-energy synthetic route and they provide more insight into the growth mechanism. The second structure studied is WS2 nanotubes, which have already been shown to have a unique structure with very desirable mechanical properties. The joint HRTEM study combined with modeling reveals new information regarding the chirality of the different shells and provides a better understanding of their growth mechanism.
aberration-corrected high-resolution transmission electron microscopy ͉ inorganic closed-cage structures N anoscience today is concerned with producing continuously new structures of increased complexity. Nanotubes, nanowires, and nanoparticles, such as quantum dots (QDs), are reported in the literature as both building blocks for nano-architectures, such as molecular transistors, and as the constituents of macroscopic materials (nanocomposites) that are used for variety of applications. In the latter case, macroscale measurements become relevant, e.g., x-ray diffraction (XRD), because they determine the ensemble-averaged lattice spacing of nanoparticles. In other cases, for example when the nanoparticles are used as an additive for highperformance lubricants or self-lubricating coatings, knowledge is required of the mechanical properties of the nanocomposite as a whole. However, to understand the structure-functionality relationship from first principles, the characteristics of individual nanoparticles are needed. Such characterization can then be compared with ab initio calculations, which provide an invaluable insight into the structure and properties of specific kinds of nanoparticles. Some properties in particular, for example electrical conductivity, depend closely on the interface between different phases or compounds inside the particle, or they correlate sensitively with the atomic configuration of the nanoparticle.
Inorganic fullerene-like nanoparticles (IF) and inorganic nanotubes (INT) (1) represent special cases in this context for a number of reasons. First, these unique phases are only stable in the nano-regime, i.e., up to 100 nm or so (2) . Second, the IF are ubiquitous among layered compounds, and their discovery led to the birth of a new field in inorganic chemistry (1, 2) . Moreover, these structures already hold perspectives for current and future applications, such as solid lubricants (3) , additives in high-strength and high-toughness nanocomposites (4, 5) , and a variety of other potential applications. Building on this potential, ApNano Materials started pilot industrial production of IF-WS 2 .
Advanced transmission electron microscopes (TEM) provide a multitude of complementary diffraction, imaging, and spectroscopic techniques-all available in a single instrument-that enable quantitative, structural, and chemical information to be gained over scales ranging from 1 m to Ͻ1 Å. Within this field, high-resolution transmission electron microscopy (HRTEM) is a fast growing domain. Recent advancements in aberration-corrected TEM have demonstrated single atom sensitivity for light elements at subångström resolutions (6) (7) (8) . HRTEM studies rely closely on structural models to verify and establish the findings extracted from the images. This relationship may be used iteratively with other theoretical and experimental techniques to gain more information about the location of individual atoms within nanostructures, which are not fully periodic. Indeed, the exploitation of atomic-scale HRTEM for the elucidation of closed-cage structures, such as IF and INT, is a perfect example. Coupled with first-principle computational methods, the atomic-scale analysis of IF is most attractive because it makes the analysis of inorganic nanotubes and fullerene-like structures possible, enabling the prediction of new properties, some of which have yet to be verified by experiment.
The inorganic analogue of the C 60 , the smallest stable symmetric closed-cage structure in the inorganic system, is most-probably a nanooctahedron. It is produced by high-energy far-fromequilibrium methods, such as laser ablation. This structure reveals the basic symmetry prevalent in the inorganic system, which essentially stems from the tendency to produce a square-like lattice defect instead of the pentagonal or heptagonal defects typical for carbon systems. Early indications for this idea were suggested back in 1993 (9) . A good example of this divergence from carbon chemistry is the boron nitride system. Boron nitride is isoelectronic and structurally analogous to carbon (10) . Furthermore, in analogy to the carbon system, boron nitride exists in two phases: the hexagonal (graphite-like) and the cubic (diamond-like) form, with the former being the stable form in ambient conditions. Nonetheless, unlike the almost perfectly spherical carbon onions, mediumsize (Ϸ20 nm in diameter) BN IF structures were found to be strongly facetted (11) . When produced in smaller sizes by electron irradiation, the basic structure of the BN particles exhibits rectangular shapes, attributed to a 3D octahedral structure (10, 12) , which is obtained by placing (B-N) 2 squares in the six corners.
Symmetric nanooctahedra of MoS 2 and MoSe 2 were produced by laser ablation for the first time in 1999 (13, 14) . In analogy to carbon fullerenes, and to the BN system, closed inorganic cages produced by energetic techniques are also expected to be highly symmetric and to occur in a specific size range (13) . In a previous study, density functional tight binding calculations (DFTB) proceeded by molecular dynamics (MD) annealing were used to elucidate the structure and electronic properties of octahedral MoS 2 fullerenes (15, 16) . These octahedral particles manifest the strong relation between shape and properties, even among structures of the same size and composition. In contrast to bulk and nanotubular MoS 2 , which are semiconductors, the Fermi level of the nanooctahedra is situated within Mo d-bands, endowing the nanoparticles with a metallic-like character. According to the DFTB-MD calculations, the occurrence of metallic-like d-band conductivity correlates sensitively with defect formation at the apices and the seaming of the triangular faces at their edges.
The theoretical calculations resulted in 15 suggested structure models of the nanooctahedra, which differed in their construction principles (arrangement of facets, edges, and vertices) (15, 16) . By estimating energetic properties of these structure models, a stability curve was constructed from the model calculations, which could be compared with size statistics extracted from the experimental images. The favorable agreement between the two establishes the validity of the model. In particular, nanooctahedra 3-6 nm in size (Ϸ10 3 -10 5 atoms in total) consisting of 3-5 MoS 2 shells were found to be the most stable species.
Another low-dimensional structure of great interest is the nanotube. WS 2 nanotubes were discovered in the early 1990s, and since then they have been the subject of intensive study (2, (17) (18) (19) (20) . This structure is fascinating, because it also exhibits properties that differ from the bulk 2H material. For example, theory predicts that, although the bulk 2H-MoS 2 (WS 2 ) material has an indirect band gap, and in analogy so would the armchair MoS 2 (WS 2 ) nanotubes, the zigzag MoS 2 (WS 2 ) nanotubes should have a direct band gap (21, 22) . Another feature discovered was that the band gap decreases with diameter size, because of the change in curvature of the S-W-S triple layer. This contrasts with carbon nanotubes and QDs (23) , where the bandgap increases with the shrinking size of the nanoparticles because of quantum confinement of the electron (hole). Furthermore, the mechanical behavior of the nanotubes considerably outweighs that of the bulk material (17) .
Previous studies provided some information on the structure and growth mechanisms of WS 2 nanotubes (18) (19) (20) . They concluded that the reaction starts by a reduction of the WO 3 particle and the formation of a volatile phase within it, encapsulated by the first WS 2 layers. When the appropriate conditions are introduced into the fluidized bed reactor (FBR), a volatile WO x phase forms in the core of the nanoparticle. The pressure within the particle is strong enough to allow the WO x volatile phase to break through and become the root of the nanotube. The volatile phase serves as a feeding source for the growth of the tube, because, upon reaching the growth front, it promptly reacts with the H 2 S gas to produce WS 2 (20) . Previous studies could only detect chiral WS 2 nanotubes with a chiral angle of 7 Ϯ 3°. With one exception, only one chiral angle was observed in the diffraction patterns for all tubes (19) . It was therefore assumed that the chiral growth mode was energetically and kinetically favorable, because it provided a continuous growth front. Because the growth process is continuous, the helicity angle does not change during growth and the nanotube continues to grow with the same chiral angle (20) . However, as was the case for nanooctahedra, there is still a need for a detailed understanding of the structure, which could affect our knowledge of its properties.
The present study summarizes the progress of experiment and modeling, with the aim of providing a new understanding of the atomic arrangement of inorganic fullerene-like structures.
The imaging process in the TEM only allows for the detection and localization of single atoms in rare, specific cases. In the case of crystalline samples, the atomic structure of a sample represented by atomic columns at certain viewing directions is usually exploited, because it facilitates the structural interpretation. In nonperiodic structures, the alignment to such viewing directions with a simple structure projection is naturally impossible. The misalignment results in both a lower signal-to-noise ratio and an increased complexity for the structural interpretation.
Both the nanotubes and nanooctahedra in this study are nonperiodic in the transmittance direction with a changing atomic structure and thickness. Therefore, calculations of model structures (sometimes supercell data with Ͼ100,000 atoms) and corresponding calculated microscopy images, are used to deduce details of the atomic arrangements on the ångström scale. The calculation of the structures serves as the basis for atomic-scale simulations of TEM and STEM data, which must then be verified by matching them with the experimental data. Aberration-corrected high-resolution TEM and STEM are also used to gain a more in-depth understanding of the atomic structure of the nanotubes and nanooctahedra, which allows the signal-to-noise ratio to be optimized at sub-ångström resolution with insignificant point spread.
Results and Discussion
MoS2 Nanooctahedra. Nested MoS 2 structures are formed by several MoS 2 molecular layers closing in on themselves to produce a cage-like structure, where the smallest stable nested structure being an octahedron (a rectangular bipyramid). Each molecular layer consists of three atom layers: a central molybdenum layer sandwiched between an outer sulfur layer and an inner sulfur layer. Each molybdenum atom is bonded to six sulfur atoms. The shells are held together by van der Waals forces.
Sub-ångström resolution and direct atomic imaging allowed the suggested atomic structure and stability range of the nanooctahedra to be validated. Because of the large sizes of the nanooctahedra, the nanoparticle structure could not be calculated using full DFT code. Nevertheless, using an approximate DFT model based on DFTB calculations and MD annealing, a striking correspondence between the experimental images and suggested models was established. structures using the EMS HRTEM image calculation software (24).
In Fig. 1 C and F, corresponding high-angle annular dark-field (HAADF) STEM images show the Mo atoms at the shell edge of the structure resolved. The STEM images confirm the hollow shell structure of the nanooctahedra; in some images the inner part appears opaque, meaning that the nanooctahedra are potentially filled with amorphous Mo-S soot. However, the projected potential maps show a difference in brightness in two orthogonal viewing directions of the octahedron ( Fig. 1 A-C and D-F, respectively). It appears that the signal density inside the particle stems from the different number of vertices and edges that the beam passes in the central part; therefore the viewing direction in Fig. 1F shows higher signal in the central part. A large signal in the central part does not necessarily mean the existence of material inside the particle as it would be the case for strictly spherical nanoparticles. Phase contrast imaging was done in an aberration-corrected FEI Titan 80-300 microscope with an information limit of 0.8 Å at an operating voltage of 300 kV to enhance the sensitivity and to image light atoms (S). These high-resolution TEM images, taken in the negative spherical-aberration imaging (NCSI) mode, successfully reveal details of the atomic structure, including the sulfur coordination. An example is shown in Fig. 2 , which presents a comparison between suggested structures calculated by the DFTB method and experimental images. The structures in Fig. 2 B and E fit very well with the apex structure of a calculated model for an octahedral coordination of the light sulfur atoms, which is characteristic of one of the most energetically stable structures calculated by the DFTB method.
By imaging nanooctahedra structures that lack mirror symmetry relative to the basal plane of the structure, the existence of less stable structures from the energetic point of view could also be proven. The existence of structures that are predicted to be of higher energy by the DFTB calculations is not surprising in this experimental system. The synthetic conditions of laser ablation set-ups are far from equilibrium: the short high-power strikes; the high rate of temperature cooling (Ͼ10 Ϫ9 s), and the turbulences in the reactor impose different environments in its inner space. Therefore, the exact reaction mechanism that leads to the formation of the nanooctahedra remains still an open issue. Recently several papers were published concerning triangular monolayers of MoS 2 and WS 2, which presented both experimental and theoretical grounds for the relative stability of such structures (25) (26) (27) (28) . Apparently, these structures are stabilized by the addition of excess S atoms in the form of S 2 pairs at the edges. It could be speculated that these triangular MoS 2ϩx nanostructures are the building blocks of the system as they are seamed together to form a 3D hollow octahedron in most cases. In some cases, pentagonal projections and triangular projections of MoS 2 were also detected in the soot, possibly representing a pentagonal bi-pyramid and a triangular prism, respectively, or a distorted version of them also constructed by triangular faces. Moreover, experiments and DFT calculations indicated that the WS 2 (MoS 2 ) triangular monolayers were metallic-like as a result of the sulfur pairs at the structure rims (25) . The absence of the triangular faces in the soot produced by the laser ablation experiments may be attributed to the difficulty in detecting these minute monolayers even with advanced microscopes.
Holographic data of the exit-plane wave function of the electron wave in TEM were retrieved by focal series reconstruction (FSR) (29, 30) . For high-resolution TEM, the combination of a sphericalaberration correction in the microscope with the numerical FSR improved the control and correction of residual parasitic lens aberrations (31) . It also increased the signal-to-noise ratio, turning the electron microscope into a quantitative measurement tool of high precision on the atomic scale (32, 33) . These advantages apply to the thin objects studied here because the phase of the exit plane wavefunction is linearly related to the projected electrostatic potential. Fig. 3A shows a single image of a nanooctahedron from a focal series and Fig. 3B presents the reconstructed phase from a set of 15 images in the series. The enhancement of the signal-to-noise-ratio can be clearly seen. A slight parasitic twofold astigmatism was corrected. Unlike the case of a single image, the four shells were clearly resolved by the FSR. At the edge, the layer structure is resolved; bright atom rows correspond to Mo rows. The neighboring rows of lighter contrast correspond mainly to a densification of S atoms in the projection. However, in contrast to the 2H bulk material, the parallel alignment of the two inner shells was observed here.
In summary, the HRTEM study verified the calculated atomic structure model on an atomic level. It enabled the identification of a specific model from the proposed 15 models (15) . The imaging in an aberration-corrected technique provided a unique opportunity to study the nonperiodic nanooctahedron structure because it allows the light elements and the heavier ones to be imaged in an unmatched resolution. Direct comparison with the atomic structure predicted by ab initio models was possible mostly in the apices and at the edges of the nanooctahedra, where the overlap was minimal between the exit waves scattered from different atoms.
The HRTEM study also provided insights into the general symmetric relations of the structures, and revealed the presence of structures of higher energy, which are unfavorable by the energetic calculation. Therefore, it is evident that kinetics plays a major role in the synthetic process, supported by the presence of several other nanostructures in the soot. The reaction mechanism is still unknown. However, it can be assumed that one of the building blocks of the nanooctahedra are the MoS 2 triangular monolayers. Other features show a deviation from the 2H bulk lattice arrangement. WS2 Nanotubes. The folding of sheets of WS 2 into single-or multiwalled tubes may result in a multitude of hypothetical atomic coordinations, similar to their carbon counterparts. A basic question, which was raised in the past but has yet to be addressed, concerns the chirality of different shells in a single nanotube: Do the nanotubes consist of a single chirality (all of the shells possess a single chiral angle), or could there be a situation where each shell acquires a different chiral angle? Advanced high-resolution TEM and STEM provide additional information into the real-space structure of individual nanotubes, complementing diffraction data and Moiré-based techniques. In particular, this aids real-space analyses of the chirality and registry of the shells. Already in the first article on CNT by Iijima (34) diffraction patterns were used to shed light on the chirality of the newly discovered structures. Since then, diffraction patterns have been used extensively in studies on carbon nanotubes (34) (35) (36) . Diffraction methods were also applied in the past for the elucidation of the structure of inorganic nanotubes (18, 19, 37, 38) . It has been shown before that the chirality of the tube can be identified by means of certain diffraction spots on the pattern. The relevant spots are produced by the top and bottom parts of the tube: nonchiral tubes are expected to show the same pattern for the top and bottom parts; therefore, the {hk0} diffraction spots would be superimposed on each other. However, in chiral tubes where the chiral angle dictates an opposite orientation in the top and bottom parts there are two sets of {hk0} diffraction spots. This splitting of the {hk0} spots allows the chiral angle to be estimated, with some measurement error. If real-space images of the same tube exist, one may also try to match the diameter of the tube with the chiral angle to uniquely identify the tube by its roll-up vector.
Alternatively, the Moiré pattern produced by the hexagonal lattice in the top and bottom part of a tube (38) could be qualitatively interpreted when combined with the features in realspace images. Fig. 4 shows representative bright-field images of the two basic classes of WS 2 nanotubes observed in the present study. Armchair and zigzag Moiré patterns are visible. When the hexagonal pattern is oriented in such a way that the edge of the hexagon faces the tube axis, the pattern represents a zigzag configuration (Fig. 4A Inset) . When the pattern is oriented so that the apex of the hexagon faces the tube axis, the pattern represents an armchair tube (Fig. 4B Inset) .
Simulation studies have shown that the shifting of the different shells relative to each other or a slight tilt of the tube relative to the transmission direction has little influence on the pattern. When a chiral shell is introduced into the tube, a rotational Moiré pattern is formed, and a periodical superstructure can be seen along the tube axis. As the number of chiral shells in the nanotube increases, the Moiré pattern becomes less clear and the basic hexagonal pattern eventually disappears. Fig. 5 presents the gradual impact that the introduction of a chiral shell into the tube has on the hexagonal pattern. Examining Fig. 4 again, it can be concluded that, because the hexagonal pattern is well preserved, the majority of the nanotubes in the present study consisted mostly of armchair or zigzag shells, with the addition of probably no more than one or two chiral shells. If the chiral shells had different chiral angles, it could have been possible to identify two split pairs in the {hk0} spots when examining the FFT of the images, but no such splitting was observed in the present study. The bright-field (BF) high-resolution images obtained in the present study contribute valuable information that was not available before. Using the information from the diffraction pattern alone to determine the number of chiral/nonchiral shells in the nanotube is not adequate. Fig. 5 shows a few basic features, aiding in the identification of the chiral shells from the nonchiral ones. The dotted pattern along the edge represents W atomic ''rings,'' which is typical to nonchiral tubes, where all of the atoms at the ring lie in the same plane normal to the tube axis. A chiral tube produces a bow-like structure at the projected edge, which is imaged at finite resolution as an almost continuous line. The inner hexagonal structure is uniform and perpendicular to the tube axis in the nonchiral tube. In the chiral structure, the inner hexagonal structure creates undulating rows of high contrast dots that are not perpendicular to the tube axis, forming the Moiré pattern. The over-all appearance changes into a patch-like pattern with alternating contrast in the chiral structure. Fig. 6 shows a single image of a WS 2 nanotube from a focal series and the reconstructed phase from a set of 15 images in the series.
A B The neighboring rows of lighter contrast correspond mainly to a densification of S atoms in the projection. The FFT of the wavefunction presented in Fig. 6B was used to retrieve information about the chiral angle in a manner analogous to the processing of the diffraction patterns. The retrieved chiral angle was calculated within the range of 3-6°. The high-resolution images were used to measure the diameters of the concentric shells, and the comparison of the hexagonal pattern with the calculated nanotubes clearly indicates that the majority of the shells are zigzag. The fingerprint of nonchiral shells, the dotted pattern along the edge of the shells, was identified and used to determine the chirality of the shells. It was concluded that this particular tube consists of three zigzag outer shells, followed by a chiral shell and later by at least one inner zigzag shell. A set of several possible nanotubes was suggested, combining diameter-matching nonchiral zigzag shells with a chiral shell from a range of possible chiral angles and matching diameter. The simulated tubes were compared with the experimental images, and the best fit is presented in Fig. 6C . The construction of an embedded chiral shell within several nonchiral shells was found to be repeating in the observed tubes, regardless of whether the shells were mainly zigzag or armchair.
The findings in the present study were used to refine the growth mechanism of the tubes: They suggest that, although the growth front of the nanotubes is probably dictated by the chiral shell, it serves as a template to the inner and outer walls, which are either of armchair or zigzag symmetry. The reason for this is the need to lower the energy and maintain the van der Waals distance of 0.62 nm between shells, which complicates the matching of chirality between shells. Note that the template chiral wall grows continuously, whereas the armchair and zigzag tubes grow stepwise. The armchair or zigzag tubes can be more easily adjusted to the required diameter because their roll-up vector lies along the lattice base vectors. A refined growth mechanism for the nanotubes would include the growth of a chiral shell on which rings of WS 2 are threaded, producing concentric shells that form the multiwall nanotubes. This insight is of great importance, because it confirms the fact that the outer shells are most likely either armchair or zigzag and not chiral. Therefore, theoretical calculations can be used to understand various measurements [e.g., mechanical measurements of a tensile stress-strain test on individual nanotubes (17) ]. These calculations are facilitated using a nonchiral tube because of the computation time and complexity. The good correspondence between the model and experimental work can be attributed to the fact that the tensile force is applied on the outermost shell, which is, in most cases, a nonchiral one and therefore matches the calculated models, and allows one to conclude that the shell is most likely defect free. Furthermore, the destruction mode of the nanotube under critical stress can vary quite dramatically between chiral and nonchiral nanotubes. In nonchiral tubes, if a bond in the midpoint between the two edges of the nanotube collapses, the stress is transferred to the neighboring bonds and leads to their immediate unzipping. In analogy to the lengthening mode of a spring under tensile stress, the failure mode of the chiral tube does not necessarily involve immediate failure of a chemical bond. Instead, it may involve a mechanism whereby the pitch and collapse of the hollow core is lengthened. In the experiments in ref. 15 , the failure mode was associated with the unzipping of nanotube bonds, which strongly suggests that the outermost layer is indeed nonchiral.
Moreover, the difference in chirality inside the tubes, i.e., the existence of a tube containing adjacent chiral and nonchiral shells, could explain the mediocre electrical performance of the nanotubes, which were found to be much less conductive than the bulk material (39) . This can in turn be attributed to the mobility of electrons within the different shells in the tube. The scattering of the drifted electrons due to the symmetry mismatch between the layers could explain the reduction in their mobility in the nanotubes.
Regarding quantitative measurements of intershell separations, a large number of HRTEM simulations were performed with nanooctahedra and nanotubes structures. When these structures were projected onto a HRTEM image, the measured distances on the image appeared to be continuously increasing or decreasing, although the structures have evenly spaced shells. Therefore, bulk measurements of powder diffraction would lead to more accurate and unambiguous results, as performed previously for onion-like nanoparticles (40) . The synthesis process is continuously being improved, and it produces bulk quantities of high yield WS 2 -NT, which enables bulk characterization.
It is worth mentioning that the analysis of diffraction patterns in previous studies, led to the conclusion that no zigzag or armchair tubes were observed (18, 19, 37, 38) . In contrast, most of the tubes in the present study have a majority of nonchiral shells, which could be attributed to the merging of diffraction spots into almost continuous lines because of the large roll-up vectors of the WS 2 nanotubes. Therefore, fine details in the principal lines of the diffraction pattern could be hidden, which would make the identification of nonchiral shells complicated. Nonetheless, real-space images can be used to gather more information by examining individual nanotubes of interest. Fig. 7 shows the high-angle annular dark-field (HAADF) STEM image of the atypical case of a tube with all shells being chiral. The aberration-corrected HAADF STEM was used because of the close relation between the images produced and the projected potential of the structures. In these images, the signal of a single atom is strongly dependent on the atomic number Z. The sensitivity to the light elements is lost, in this case with the advantage that the W sublattice is revealed more clearly and directly. The depth of field is strongly limited in HAADF, so that the image in Fig. 7 illustrates just the upper part of the tube. All shells in the tube seem to be helical, with a similar chiral angle that can be retrieved from the FFT using the same procedure described before. The adjacent shells cannot be of exactly the same chiral angle, because this would produce shells with varying distances, some of them much larger than the bulk value in WS 2 . Calculations show that some roll-up vectors produce subsequent shells with a shell distance twice as large as the bulk value of 0.62 nm. To produce concentric shells in the right spacing that would match the diameters measured from the images, close chiral angles of 2.1°to 2.8°were chosen. The atomic model was constructed with a left-handed and a righthanded helicity, allowing the helicity to be directly determined. In correspondence with previous reports a right-handed helicity was found here (37) . Very few measurements have been performed on the handedness of inorganic nanotubes, because they are very demanding both in terms of imaging and simulation.
In conclusion, this study revealed new information as a result of the advanced instrumentation combined with ab initio calculations, which was then used to refine the established growth mechanism. Furthermore, the study provided new insights into observations that remained unexplained until now. In the future, these new methodologies could be exploited in a generic fashion to examine samples in simpler, routinely used instruments. Because aberrationcorrected microscopy becomes increasingly wide-spread, it is predicted that more of this iterative work between sophisticated modeling and atomic resolution will be performed, providing new insights into the nanoparticle world.
Materials and Methods
WS2 nanotubes were synthesized in a one-step reaction, which is described in detail in refs. 1, 18, 19 , and 41. The black soot produced can be directly attached to a Quantifoil TEM grid or sonicated in ethanol and spread on the grid.
MoS2 nanooctahedra were prepared by laser ablation using a Nd:YAG laser. The details of the synthesis of MoS2 nanooctahedra are presented in refs. 15 and 16. TEM data of WS2/MoS2 nanoparticles were acquired using a FEI Titan 80-300 transmission electron microscope equipped with a double-hexapole aberrationcorrector (42) for the objective lens. For single images, negative sphericalaberration imaging (NCSI) conditions were adjusted. At an acceleration voltage of 80 kV, NCSI conditions were achieved at a negative spherical aberration of Ϫ52 m balanced by an overfocus of ϩ17 nm. At an acceleration voltage of 300 kV, the respective values were Ϫ12 m and ϩ5 nm.
Focal series reconstruction (FSR) was used to retrieve the phase of the electron exit plane wavefunction (29, 30) . Experimental focal series were taken with an equidistant focal step corresponding to half the defocus spread of the microscope at the respective acceleration voltage. Fifteen images were recorded around the NCSI defocus for the phase retrieval, using the Brite/Euram FSR algorithms based on maximum-likelihood algorithms for nonlinear reconstruction (29, 30) .
High-angle annular dark field (HAADF) STEM images were taken using a FEI Titan 80-300 electron microscope equipped with a probe-side double-hexapole aberration corrector at an acceleration voltage of 300 kV. The probe-forming lens aberration was corrected to a beam semiangle of 25 mrad, corresponding to a probe size Ͼ0.8 Å. An inner collection angle of 70 mrad of the HAADF detector assured that the recorded electrons were scattered close to atomic nuclei.
For the simulation study, MoS 2 nanooctahedra (up to Ϸ10 3 atoms) were calculated by the DFTB-MD method. To calculate the structure of larger nanooctahedra a phenomenological model based on the DFTB-MD method was developed. Further details on the calculation and construction principles are given in references (15, 16) . The multislice iteration and the electron optical imaging were calculated using EMS image simulation software (24) . NCSI conditions (43) were applied.
Models of WS 2 nanotubes were produced by geometrically cutting and rolling an appropriate single monolayer of hexagonal WS 2 into a tube. Bulk bond lengths were assumed for the unrolled layer, whereas it was assumed that the sulfur shells were slightly homogeneously strained upon rolling.
